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Major	Emphasis

• Study	the	pathophysiology	of	disease

• First	in	human	with	new	therapeutics

• Study	patients	with	rare	diseases

18	– 25	million	people	in	the	United	States	
have	a	rare	disease!



•Unusual	ability	to	assemble	cohorts	of	patients	
with	rare	diseases

•Provides	hope	to	patients	and	their	families

•Often	provides	insights	to	understanding	common	
diseases

Why	Study	Rare	Diseases	at	the	
Clinical	Center?



Nature	is	nowhere	accustomed	
more	openly	to	display	her	secret	
mysteries	than	in	cases	where	she	
shows	traces	of	her	workings	
apart	from	the	beaten	path;	

Rare	Diseases:	Window	on	Nature?

~	William	Harvey,	Letter	IX,	
to	John	Vlackveld,	24	Apr	1657

nor	is	there	any	better	way	to	
advance	the	proper	practice	of	
medicine	than	to	give	our	minds	to	
the	discovery	of	the	usual	law	of	
nature,	by	the	careful	investigation	
of	cases	of	rarer	forms	of	disease.



Outline	for	Today’s	Talk

• Atherosclerosis	and	Chronic			
Granulomatous	Disease	

• NOX	family	of	NADPH	Oxidases
• Journey	to	discover	NOX	inhibitors	



The	Story	of	
Chronic	

Granulomatous
Disease

A	Rare	Disease	of	
Phagocytes
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Chronic	Granulomatous	Disease	(CGD)
• ~1:200,000	live	births	in	US

• Mortality	2%/yr

• Abnormal	NADPH	Oxidase	in	phagocytes



Chronic	Granulomatous Disease

NADPH
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Granulomas
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Source:		adapted	from	Lekstrom-Himes,	and		Gallin,.		NEJM;	343:23,		2000.	

Molecular	basis	for	
Chronic	Granulomatous
Disease	(CGD)

p40phox

p40phox

Gene Chromosome Approximate
Frequency	(%)

gp91phox Xp21.1 ~65

p22	phox 16q24 <5

p47	phox 7q11.23 ~30

p67	phox 1q25 <5

G6PD Xq28 <0.01

p40	phox 22q13.1 <0.01	?



CGD
Genotype

Families Patients Carriers

gp91phox 273 305 203

p47phox 97 123 33

p67phox 18 17 10

p22phox 11 11 2

p40phox 2 2 3

Totals 367 419 214

NIAID	CGD	Patients	Followed	at	the	NIH

G6PD 1																					1																					1
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Impact	of	the	Study	of	Residual	NADPH						
Oxidase	in	CGD

• Enabled	stratification	of	CGD	patients	
based	on	residual	respiratory	burst	
activity	and	risk	of	mortality.		

• Based	on	this	study	high	risk	patients	
seen	with	low	or	absent	residual	
phagocyte	ROS	are	now	considered	for	
bone	marrow	transplantation	very	early	
in	life.



Early	Observations	
Suggesting	Loss	of	NADPH	

Oxidase	Function	is	
Protective	for	Atherosclerosis

Autopsies
Mouse	studies
Violi,	et.al.



Barry-Lane,	P.	et	al,	J.	Clin.	Invest.	108:	1513-1521,	2001

ApoE-/-/ p47phox-/-

ApoE-/-/ p47phox+/+

p47phox is	required	for	atherosclerotic	lesion	progression	

in	ApoE-/- mice



Circulation.	2009;	120:	1616	- 1622

Pediatrics.	2008;	122:	e648	– e655

Arterioscler Thromb Vasc Biol. 2006;	26:	e131	–
e132



NIH	Protocol	10-I-0029	– Non-invasive	Assessment	of	
Atherosclerosis	in	Patients	with	CGD	and	Other	Disorders	
of	the	Immune	System-J	Gallin,	PI

Question:	Does	loss	of	NADPH	oxidase	function	in		
CGD	result	in	decreased	atherosclerosis?

Clinical	Protocol



Circulation.	December	2,	2014;130:2031-2039.

130:2031-2039.	2014



MR	of	Normal	Carotid	Artery	
Bifurcation

Internal	Carotid	Artery

External	
Carotid	
Artery

In-plane	resolution	400	x	400	μM



MRI	of	carotid	plaque

Patient	1:		dense	fibrotic	plaque
Patient	2:	large	lipid	rich	necrotic	core	and	thin	cap
Patient	3:	complex	plaque	with	lipid	and	calcium

Patient	1 Patient	2 Patient	3



Internal	Carotid	Arteries	of	CGD	patients	have	significantly
smaller	wall	volumes	than	age-matched	control	subjects
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ICA	wall	volume	of	both	autosomal	and	X-linked	CGD	patients
are	significantly	smaller	than	sex-matched	healthy	controls

Female

Normal       p47

Male

Normal       p47        gp91

p=0.0028

p=0.0196

p=0.0008

p=<0.0001
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Coronary	Plaque	Index	of	CGD	patients	is	similar	to	that	of	
age-matched	control	subjects
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Risk	Factors	for	Atherosclerosis
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Summary

1. CGD	patients	are	protected	from	carotid	
artery	thickening	despite	adverse	risk	factors.	
This	suggests	absence	of	NOX	2	is	protective	
of	carotid	artery	atherosclerosis.

2. The	increased	risk	factors	of	elevated	MPO,	
CRP,	oxidized	LDL	and	low	HDL	in	CGD	delinks	
NOX	2	from	these	observations.		



Future	Opportunity

Would	ROS	products	missing	in	CGD	be	
good	therapeutic	targets	for	preventing	
and	possibly	treating	atherosclerosis	and	
other	inflammatory	diseases?



Thomas Leto, Ph.D.
National Institutes of Health (NIH)

National Institute of Allergy and Infectious Disease (NIAID),
Laboratory of Host Defenses (LHD)

NOX	family	NADPH	Oxidases:	Mediators	of	inflammation,
fibrosis	and	cancer	progression

NIAID
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Dual Oxidases
(Duox1/2)

Ca++ Ca++Ca++ Ca++

Nox family NADPH Oxidases:
Diverse ROS generators





Head-tilt	phenotype	in	Nox3	mutant	mice

Absence	of	otoconia in	Nox3-/- mice

WT																					Nox3-/-

Paffenholz et	al	(2004)	Genes	&	Development	18:486-91



Duox2 mutant mice exhibit severe congenital hypothyroidism
• 16	exon	T					G
• Valine	674	Glycine:	

Hypothyroidism:
• smaller	size	
• shorter	bones
• reduced	bone	density
• hearing	defects
• abnormal	thyroid	and	pituitary	gland
• TSH	increased	100-1000x	
• Reduced	serum	T4	and	IGF-1

Johnson	et	al.	Congenital	hypothyroidism,	dwarfism,	and	hearing	impairment	caused	by	a	missense mutation	in	the	mouse	dual	oxidase 2	gene	 Mol	Endocrinol.	2007		



- Induced by pro-inflammatory signals/ cytokines:
Nox1: IFN-g, TNF-a;  Nox4: TGF-b;  Duox1: IL-4, IL-13;  Duox2: IFN-g.

Roles of non-phagocytic NADPH oxidases in innate immune 
defenses-

- Responsive to microbial-, pathogen- or danger-associated    
molecular patterns (MAMPs, PAMPs & DAMPs):  
Nox1: LPS, flagellin, fMLF;  Nox4: LPS;  Duox2: poly I:C, LPS, muramyl dipeptide,  
flagellin;  Duox1&2: Histamine, ATP.

- Accumulate at high levels on epithelial surfaces (barrier function):
Nox1: colon;  Duox1: respiratory, UG tracts;  Duox2: GI tract, exocrine gland ducts.



Leto and	Geiszt,	J.	Biol.	Chem (2004)



TGF-beta	induction	of	Nox4	in	
pro-fibrotic	and	metastatic	disease

- TGF-beta	mediated	fibrosis
- Hypertrophy	in	the	diabetic	kidney
- Ischemia	reperfusion	injury

- TGF-beta	induced	proliferation	and	hypertrophy
- MMP-1	expression	and	alveolar	wall	degradation

(idiopathic	pulmonary	fibrosis)

- TGF-beta-depend	cardiac	differentiation
- Angiogenesis
- Cardiac	stress	(fibrosis	from	pressure	overload)

- Nox4-induced	oxidative	stress	in	response	to	
TGF-beta	during	chronic	HCV	infection	
(cirrhosis	and	hepatocellular	carcinoma)

- TGF-beta	induces	Nox4-dependent	migration	
and	markers	of	the	epithelial-to-mesenchymal
transition	(EMT)



The	Epithelial-to-Mesenchymal Transition	(EMT)

The	EMT	is	a	process	in which	polarized	epithelial	cells	are
reprogrammed	to	become	dissociated	and	assume	features
of	enhanced	plasticity	and	motility.



Nox4	promotes	TGF-β-mediated	cell	migration	and	wound	healing
in	normal	and	metastatic	breast	epithelial	cells

Boudreau,	et	al.,	(2012)	Free	Rad.	Biol.	Med.

qqPCR

MCF10A
(Immortalized	normal)

qPCR

MDA-MB-231
(Highly	metastatic)



Boudreau	HE,	et	al.	Free	Rad.	Biol.	Med.	(2012)

Role	of	Nox4	in	the	TGFβ/SMAD3-driven	
epithelial-to-mesenchymal transition	(EMT)

TGFβR

Nox4 mRNA
protein

TGFβ1

Nox4-DN
(Dominant	negative)

SMAD3-DN
(Dominant	negative)

SIS3
(SMAD3	inhibitor)

Nox4	shRNA or	siRNA

616451
(TGFβR1	inhibitor)

pSMAD3

• Reactive	oxygen	species	
• Fibronectin expression	
• FAK	activation
• Cell	Migration
• Wound	Healing

EMT-related	events:

What	factors	account	for	the	enhanced	migration	of	metastatic	MDA-MB-231	cells?



Convergence	of	p53	and	TGFβ	signaling:
Divergent	effects	of	wild-type	and	mutant	p53

TGF-β
Wild-type

p53
Mutant
p53

SMAD2/3SMAD2/3

Pro-migratory	
Pro-metastatic

Invasion &	dissemination

Growth	Suppression
DNA	Damage	Response

Pro-apoptotic

SMAD2/3

Adapted	from:	Adorno,	et	al.,		Cell 137,	87-98	(2009)

(Enhanced	Nox4)(Suppressed	Nox4)



WT	p53	suppresses Nox4	induction	by	TGF-beta,	whereas
mutant	p53	supports Nox4	expression	and	cell	migration

A
B

H1299	cells	(p53-null	lung	epithelial	tumor)

Boudreau,	et	al.,	(2014)	Brit.	J.	of	Cancer

A
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MIGRATION
INVASION

Src
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p53

Wild-type
p53

Wild-type	and	mutant	p53	have	divergent	effects	on	
Nox4-dependent	cell	migration

P

P

P

Boudreau,	et	al.,	(2014)	Brit.	J.	of	Cancer



p53	structure	and	common	tumor-associated	mutations

Tumor-associated	p53	mutations	reside	primarily	within	the	DNA	binding	
domain	which	can	produce	a	dominant	negative	effect	or	an	acquired	tumor	
promoting	gain-of-function.	All	the	above	mutant	proteins	enhance	Nox4	
expression.	



Nox4	expression	correlates	with	p53	mutation	status	in	primary	tumors	

TCGA	database	analysis	by	Wei-Feng Ma	(unpublished)



Inflammatory bowel disease (Nox1, Nox2, Duox2).

Nox enzymes as potential therapeutic targets in inflammatory 
disease:

Vascular disease (Nox1, Nox2, Nox4, Nox5).

Acute or chronic infection-related inflammatory disease
(Nox1, Nox2, Nox4, Duox2).

Airway inflammatory disease, i.e.: asthma  (Duox1, Nox2, Nox4).

Fibrotic disease & tumor metastasis (TGF-beta-driven: Nox4).
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Journey	to	Discover	NOX	Inhibitors



6.5	years 6	years 1.5
years

ClinicFDA	
Review

Clinical	TrialsPre-ClinicalDrug	Discovery

10,000
Compounds

250
Compounds

5
Compounds

Nox2	Inhibitor	Project:
An	Approach	to	Screening	Compounds



Primary	Screen	(done	at	NCATS)
Mark	Henderson,	Kyle	Brimacombe,	Ajit Jadhav,	Anton	Simeonov

Luminol-enhanced	chemiluminescence to	detect	reactive	oxygen	
species	following	PMA	stimulation	of	K562	cells	stably	expressing	
NOX2	and	cytosolic	factors

– 4426	compounds	screened	from	the	NCATS	Pharmaceutical	Collection	(NPC)	
and	Mechanism	Interrogation	Plate	(MIPE)	libraries

– Based	on	IC50 we	received	102	compounds
DPI	titration

1536	well	plate

Sotrastaurin
(known	PKC	inhibitor)



Xanthine	Oxidase	Chemiluminescence Assay

• We	used	xanthine	oxidase	and	its	substrate	
hypoxanthine	as	a	source	of	ROS	to	test	for	assay	
interference	by	NCATS	compounds	

• False	positive	screen	for	luminol-enhanced	
chemiluminescence assay	used	in	primary	
screen.	Screens	for:	
1. Interference	with	signal	detection
2. Scavengers	of	ROS
3. Non-specific	inhibition	of	another	oxidase	

system
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Unlike	the	primary	screen	that	evaluated	inhibition	in	
K562-Nox2	cells,	here	we	evaluate	the	effect	in	live	
human	neutrophils	using	E.coli as	a	stimulus
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• Neutrophils	were	lysed	and	fractionated	into	a	membrane	
component	containing	gp91phox and	p22phox and	a	cytosolic	
component	containing	p47phox,	p67phox,	p40phox,	and	RAC2
– Addition	of	an	amphiphile such	as	SDS	directly	activates	the	system
– Bypasses	membrane	receptors	stimulation	and	upstream	signaling	

pathways

• Cytochrome	c	reduction	to	measure	superoxide	production

Broken-Cell	NOX	Assay
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Of the 36 that passed both the xanthine 
oxidase counter-screen and whole cell 
human neutrophil assay, 10 compounds had 
≥50% inhibition in the broken cell assay



10	Lead	Compounds
At	screening	dose	of	100	µM:

≤	50%	reduction	in	Xanthine	Oxidase	Assay
≥90%	reduction	in	E.coli-induced	neutrophil	chemiluminescence

≥50%	reduction	in	broken	cell	assay

IC50 was	then	determined	for	each	of	these	10	leads	in	the	broken	cell	assay

*=	apparent	
stimulatory	activity	at	
certain	concentrations



Conclusions	and	Future	Directions
• Among	102	tested	compounds,	we	found	a	relatively	high	false-

positive	rate	due	to	antioxidant	effects	and	inhibitory	activity	
on	cell	activation	pathways	upstream	of	NOX2	(e.g. PKC).

• At	this	stage,	we	are	gearing	up	with	NCATS	to	screen	the	
Molecular	Libraries	Small	Molecule	Repository	(MLSMR)	and	
other	collections,	totaling	≥500,000	compounds	to	be	screened
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